Surface subsidence induced by underground mining is one of the challenging problems in mining engineering, which can destroy ground surface buildings and cause huge economic losses to the mine. In this study, a two-dimensional numerical model, established by the discrete element method code PFC2D, was adopted to investigate the mechanical mechanism of surface subsidence and backfill material movement induced by underground mining in the Hongling lead-zinc mine. In the first simulation case, the ore body was excavated from the ground surface to the mining level 705 m by the sublevel caving mining method, and the stress evolution during the mining process was analyzed to reveal the mechanical mechanism of surface subsidence. In the second and third simulation cases, the mined-out areas above 905 m were backfilled by the noncemented tailings and an insulating pillar was reserved beneath the backfill material, and then the deep ore body was excavated by two different mining methods to study the movement law of the backfill material and rock strata induced by underground mining. e numerical simulation results show that when the sublevel caving mining method is adopted, underground mining can induce toppling failures in the hanging wall and lead to a large collapse pit in the ground surface. After the toppling failures in the hanging wall, the collapsed waste rock in the mined-out area can provide support force for the surrounding rock and restrict the further collapse of the hanging wall. Furthermore, when the cut-and-fill mining method is adopted for the excavation of deep ore body, the insulating pillar can restrict the horizontal displacement of surrounding rock and maintain the stability of the backfill material.
Introduction
Over the last decades, the large-scale exploitation of mineral resources from underground brings mankind great economic and social benefits, but it also gives rise to a series of security and environmental issues, a major one being the surface subsidence problem [1] [2] [3] . So far, the sublevel caving (SLC) is still one of the popular mining methods due to the advantages of low cost and high efficiency [4] . However, the sublevel caving fills the mined-out area by means of caving surrounding rock, thus inducing significant strata movement and surface subsidence. e surface subsidence induced by underground mining has become a major issue facing the metal mines all over the world, which not only endangers the ground surface infrastructures but also poses a serious threat to the lives and property safety of personnel [5] [6] [7] . erefore, it is significant to figure out the surface subsidence mechanism and propose proper treatment schemes.
Many studies have been carried out by researchers to investigate the surface subsidence mechanism by means of theoretical analysis, physical modeling, field observation, and numerical simulation. In the aspect of theoretical research, Hoek [8] developed a limit equilibrium analysis to predict the progress failure of hanging wall in the Grängesberg Mine, and his analysis was extended by Brown and Ferguson [9] to account for a sloping ground surface and groundwater pressures in the tension crack and on the shear plane. However, there have been only a few theoretical studies due to the complexity of the problem. Moreover, most of theoretical model are based on many simplification; it is therefore hard to precisely predict the surface deformation via theoretical formulas. As for the physical modeling, Ren et al. [10] constructed a physical model to simulate the deformation and failure of ground surface and rock mass around the mined-out area, and the digital closerange photogrammetry was used in their model to measure the displacements of surface and wall rock. Dai et al. [11] also used a physical model test to study the surface deformation induced by fully mechanized caving below a thick loess layer. In addition, the physical modeling was utilized by Ghabraie et al. [12] to investigate the surface subsidence mechanism and substrata movement characteristics due to sequential extraction of partially overlapping longwall panels. In general, the physical similar simulation model is constructed by the similar material that can reproduce the similar characteristics of in situ rock mass, and the dimensionless analysis and similarity principle are also used to correlate the physical model results to the real field model. However, the physical model cannot fully reproduce the surface subsidence and rock failure process in real field due to the difficulty of accurately matching the material properties and other artificial uncertainties introduced during the model construction process.
Field observation is so far the most direct and effective method to study the surface deformation and rock strata movement because the field monitoring data can truly reflect the displacement law of the mine surface and provide guidance for mining activities and support design. ere are several methods for monitoring the mining-induced subsidence, such as leveling, theodolite, total station, global positioning system (GPS), and extensometer. GPS, as a common ground surface deformation monitoring technique, was used to monitor the ground surface deformation in many metal mines, such as the Kiirunavaara Mine, Jinchuan Nickel Mine, and Chengchao Iron Mine, and the detailed monitoring data were used to analyze the ground surface deformation characteristics and strata movement mechanism induced by underground mining [13] [14] [15] . In addition, the microseismic monitoring technique was adopted by Cheng et al. [16] to investigate the strata movement induced by coal mining in the Dongjiahe Coal Mine. e extradeep multiple-point borehole extensometer technique was introduced to the Jinshandian Iron Mine by Xia et al. [17] for the deformation monitoring of ground surface and deep rock masses, and the monitoring results were used to investigate the ground movement mechanism induced by underground mining. However, these field monitoring methods are limited to ground deformation and lack of mechanical mechanism analysis. e stress redistribution and the fracture initiation and propagation induced by underground mining are difficult to obtain from the field monitoring data.
With the development of computer technique, the numerical simulation has gradually become a low-cost and highly efficient auxiliary method of studying the mechanical mechanism of surface subsidence and strata movement induced by underground mining. In recent years, many numerical codes have been developed and applied to investigate the mining-induced surface subsidence and strata movement, including FLAC3D [18] , 3DEC [19] , RFPA2D [20] , ABAQUS [21] , DDA [22, 23] , UDEC [24, 25] , ELFEN [26] [27] [28] , and PFC2D [29] [30] [31] [32] , and these simulation codes can be classified into three categories: (1) continuous medium method, such as FLAC3D, RFPA2D, and ABAQUS; (2) discontinuous medium method, such as UDEC, 3DEC, DDA, and PFC2D; and (3) hybrid method, such as ELFEN.
In the continuous medium model, the rock mass is modeled by the continuous elements, and the element cannot detach from each other. It means that it is difficult to model the collapse process of surrounding rock using the continuous medium model. For the discontinuous medium method and hybrid method however, the numerical model is composed of a set of discontinuous elements. ese discrete elements bond with each other and can be detached once the bond breaks.
erefore, the discontinuous medium model and hybrid model can model the large deformation and can be used to reproduce the collapse process of surrounding rock induced by underground mining.
e discontinuous models, constructed by UDEC, PFC2D, and ELFEN, have been successfully used to model the surface subsidence by many scholars [24, [26] [27] [28] [29] [30] [31] [32] .
ere are several approaches for dealing with the surface subsidence areas, including (1) backfilling the solid wastes such as waste rocks into the subsidence area; (2) turning the tailings into filter cakes to backfill the subsidence area; (3) transforming the subsidence area into tailing ponds; and (4) blasting the rock mass around the subsidence area for backfill material [33] [34] [35] [36] . Among these solving approaches, the approaches 1, 2, and 3 can deal with not only the surface subsidence area but also the waste rocks and tailings, thus obtaining both economic and environmental benefits. While the approach 4 backfills the subsidence area by blasting the rock mass around the subsidence area, which will not only result in new surface subsidence but also have a significant influence on the ground surface environment. erefore, it is inadvisable to use approach 4 to deal with the surface subsidence area. In addition, when the waste rocks and tailings are backfilled into the active subsidence area (i.e., the mining activities are still carried out under the subsidence area), the stress redistribution and rock strata movement induced by underground mining may have influences on the stability of backfill material. e secondary disasters, such as the massive collapse of backfill material and downhole debris blow, may be caused by the mining activities beneath the subsidence area. In this case, an insulating pillar needs to be reserved beneath the subsidence area and a proper mining method should be reselected in order to maintain the stability of the backfill material [37] [38] [39] . erefore, it is necessary to investigate the stability and movement law of backfill material in the subsidence area induced by underground mining so that the proper mining methods can be proposed.
In this study, a two-dimensional numerical model established by PFC2D was implemented to investigate the mechanism of surface subsidence in the Hongling lead-zinc mine induced by underground mining. Using the numerical model, the whole process of surface subsidence and backfill material movement induced by underground mining can be reproduced, and the mechanical mechanism of surface subsidence can be revealed from the perspective of stress 2
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Site Description

Ore Body Layout and Mining Situation.
e Hongling lead-zinc mine is located in northern China and is a skarn type polymetallic deposit with lead and zinc. e ore vein has a total length of 5.7 km and a width of 40∼100 m and exists mainly in +500∼+1110 m. e ore vein strikes NE55°∼59°a nd dips 65°∼85°toward NW, which is divided into five ore sections from east to west. e main industrial ore bodies are located in the third ore section, which are 1350 m long and 100 m wide with a dip angle of 80°toward NW. e main industrial ore bodies include 1#, 1-1#, and 2# ore bodies, as shown in Figure 1(a) . e 1-1# ore body is actually a branch of the 1# ore body, and both of them coincide in the shallow part.
e 1# ore body is the main ore body, and mainly locates between exploration lines 1∼33. e 2# ore body is mainly located between exploration lines 2∼13. e ore body between lines 1∼13 is divided into 1# and 2# ore body by marble, as shown in Figure 1(b) , and the rock mass type of hanging wall and footwall is slate.
e Hongling lead-zinc mine was put into production since 1992. e initial mining method was the shallow hole retention method, and the production capacity was 500 t/d. After transformation in 2006, the production capacity reached 1500 t/d. e mining methods were the sublevel open-stoping method when thickness >5 m and the shallow hole retention method when thickness <5 m. In 2010, the mining method was changed to the sublevel caving method in order to improve the production capacity, which is still used today.
e schematic diagram of sublevel caving mining method used in the Hongling lead-zinc mine is shown in Figure 2 . e sublevel height is 50 m, and a temporary crown pillar with thickness of 10∼15 m is reserved. e ore block is 50 m along the strike of ore body, and the width of the ore block is the thickness of the ore body. At present, there are nine mining levels in the mining area, as shown in Figure 3 . e ore body above mining level 995 m has almost been mined out, and a part of surrounding rock mass has collapsed. e majority of ore body in mining levels 955 m and 905 m has been mined, leading to the formation of a large number of mined-out areas. e ore body in mining levels 855 m and 805 m is currently mined, and the development system is now being built in the mining levels 855 m and 805 m.
Before 2010, the mining areas were mainly above 955 m, and a large amount of ore body was remained above 955 m due to irregular mining, resulting in a great deal of waste of mineral resources. erefore, the mine began to recover the residual ore body above 955 m since 2011. However, with the gradual recovery of residual ore body, the mined-out areas were interconnected with each other, resulting in surface subsidence. By the end of December 2017, there were two major subsidence pits in the ground surface, as shown in In addition, a large number of tensile cracks along the strike direction of ore body appear in ground surface of hanging wall due to underground mining, as shown in Figure 4 (c). At present, the subsidence areas are still enlarging due to the continued underground mining, which poses a threat to the safety of underground workers and ground surface buildings such as main road, staff quarters, and shafts. erefore, it is an urgent issue for the Hongling lead-zinc mine to solve the surface subsidence problem.
Rock Mass Properties and In Situ Stress.
In order to obtain the mechanical properties of surrounding rock masses and ore body, some relatively intact rock blocks were firstly extracted from the Hongling lead-zinc mine and made into standard specimens with a diameter of 50 mm and a height of 100 mm. en, the mechanical properties of intact rock were obtained through unconfined uniaxial compression test in the laboratory using the standard specimens, and finally the mechanical properties of rock mass can be obtained according to Hoek-Brown criterion [40] , as shown in Table 1 .
e measurement results of in situ stress show that the obvious horizontal tectonic stress exists in the mining area.
e direction of the maximum horizontal principal stress is NE5°∼22°, and the direction of the minimum horizontal principal stress is NW68°∼85°. e final fitting equations of the vertical principal stress (σ v ), maximum horizontal principal stress (σ Hmax ), and minimum horizontal principal stress (σ Hmin ) are presented as follows:
σ Hmin � 0.0233h + 1.4743.
Modeling Methodology
Microscopic Parameter Calibration and Numerical Model
Setup. In this study, the two-dimensional particle flow code (PFC2D) was used as a simulation tool to investigate the mechanism of surface subsidence and backfill material movement due to underground mining. e particle flow code is based on the discrete element method (DEM) and uses an assembly of discrete grains or cemented particles to mimic the granular or intact material. In the PFC model, the contact bond model (CBM) and the parallel bond model (PBM) are two basic bond models that can be used to cement the particles to model the intact rock material [41] . e contact bond can only transmit the force, while the parallel bond can transmit both force and moment between particles. e PBM is a more realistic bond model for modeling the rock-like material and has been successfully used in previous studies [42, 43] , which was therefore adopted in this study. e maximum tensile and shear stresses acting on the parallel-bond periphery are calculated from beam theory:
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where R, A, I, and J are the radius, area, moment of inertia, and polar moment of the bond cross-section; F n , F s and M n , M s are the axial-and shear-directed forces and moments, respectively; and M n � 0 for the PFC2D model.
If the maximum tensile stress of parallel bond exceeds its tensile strength (σ max ≥ σ c ) or the maximum shear stress of parallel bond exceeds its shear strength (τ max ≥ τ c ), then the parallel bond breaks, leading to the formation of a microtensile or shear crack. When many adjacent microcracks occur, they will connect with each other and form the macrocracks, leading to the failures of intact material, and then the cement behavior was replaced by the grain behavior. erefore, the PFC model is suitable and reliable for modeling the mechanical behaviors of discrete backfill material (using discrete grains) and intact rock mass (using PBM) and also for simulating the interaction between backfill material and rock mass. In order to really simulate the mechanical behaviors of rock mass using PFC model, a set of appropriate microscopic parameters were firstly determined. e calibration of microscopic parameters can be achieved by carried out a set of "trial and error" tests [41] : a numerical model with a length of 50 mm and a height of 100 mm was firstly established, and then a set of uniaxial compression tests were carried out by adjusting the microscopic parameters, until the PFC model exhibits nearly the same uniaxial compression strength, Young's modulus, and Poisson's ratio as that of rock masses shown in Table 1 . e final calibration results of microscopic parameters are shown in Table 2 .
According to the geological profile of exploration line 5 in the Hongling lead-zinc mine, a two dimensional numerical model containing 36,199 particles was established by PFC2D to simulate the surface subsidence induced by underground mining, as shown in Figure 5 . In the numerical model, the elevation of +500 m is set as the origin of the y axis, and the left boundary of the model is set as the origin of the x axis. e horizontal width of the model is 1000 m, and the height of the left and right boundaries are 516 m and 630 m, respectively. In order to improve the computational accuracy and efficiency, the hanging wall and footwall are divided into two regions to set the radius of particles. e radii of particles in zones I and II are 1.0∼3.0 m and 1.5∼4.5 m, respectively, and the radii of particles in both marble and ore body are 0.5∼1.5 m.
Model Boundary Conditions.
Before the numerical simulation of underground mining, the in situ stress should be firstly applied to the model. e vertical principal stress was directly set as gravity because both them have a similar value at the same depth according to equation (1) . However, the direction of horizontal principal stress is not in the same plane as the strike direction of ore body; thus, the principal stress should be firstly projected to the dip direction of ore body before applied to the model. Because the average values of the ore body strike and the orientation of horizontal maximum principal stress are NE57°and NE13.5°re-spectively, the angle between the ore body strike and the horizontal maximum principal stress can be approximately considered as: θ � 57°− 13.5°� 43.5°. erefore, the horizontal in situ stress applied to the model can be determined according to equations (2) and (3) as follows:
e boundary conditions of the PFC model are shown in Figure 5 . e wall boundary is adopted at the bottom of the model, and the particle boundary is adopted on both sides of the model for the purpose of applying nonuniform in situ stress; thus, two columns of boundary particles with a radius of 1 m were generated on both sides of the model. Since the stress cannot be applied directly to the boundary particle in PFC model, the in situ stress applied to the boundary particle must be firstly transformed to force [43] . According to equation (5), the horizontal force applied to the boundary particle with an ordinate of y can be expressed as
where F ball is the horizontal force applied to each boundary particle; r and t are the radius and thickness of the boundary particle, respectively; y is the ordinate of the boundary particle; and H is the height of the model boundary, which is 516 m and 630 m for the left and right boundary in the present study. e in situ stress initialization process can be divided into three stages. Stage 1: the displacement of both sides and bottom boundary were firstly fixed, and the gravity was subsequently applied to every particle of the model, and finally the model was run to balance. Stage 2: the horizontal displacement of left and right boundary particles was released, and then a time step was run in order to determine the unbalanced force of each boundary particle induced by gravity, and finally the unbalanced force of each boundary particle was obtained by using the embedded FISH programming language in PFC. Stage 3: an opposite force against the unbalance force was applied to each boundary particle to rebalance the model, and then the opposite force was slowly increased until it reached the value obtained by equation (6) , and finally sufficient time steps were run to make the model reach to the equilibrium state.
Simulation Schemes and Measurement
Schemes. In this study, three different excavation cases were simulated by PFC2D to investigate the mechanism of surface subsidence and backfill material movement induced by underground mining, and the same numerical model was used for three cases for the sake of comparison of simulation results. e detailed descriptions of three excavation cases are as follows: e ore body was excavated from ground surface to mining level 705 m by sublevel caving mining method, and each excavation layer is set as 10 m to reduce the excavation effect.
Case 2.
According to the present mining status of the Hongling lead-zinc mine, the majority of ore body above mining level 905 m was excavated, and a subsidence area formed in ground surface. erefore in simulation model, the ore body above mining level 905 m was firstly excavated by the sublevel caving mining method, and then the minedout area was backfilled by the noncemented tailings. An insulating pillar with thickness of 20 m beneath the subsidence area was reserved to maintain the stability of collapsed rock mass and backfill material, and then the ore body was continued to excavate until mining level 705 m by the sublevel caving mining method. In this case, each excavation layer is also 10 m.
Case 3.
e mining sequence of case 3 is the same as that of case 2, i.e., the ore body above mining level 905 m was firstly excavated by sublevel caving mining method, and the mined-out area was backfilled by the noncemented tailings, and an insulating pillar was also reserved beneath the subsidence area. e difference between case 2 and case 3 is that the ore body between mining levels 905 m and 705 m was excavated by cut-and-fill mining method in case 3.
Among these three excavation cases, case 1 was implemented to investigate the mechanical mechanism of surface subsidence duo to underground mining, and cases 2 and 3 were implemented to investigate the movement law of backfill material and rock strata due to underground mining with different mining methods. For cases 2 and 3, the minedout area above 905 m was backfilled by the noncemented tailings after the ore body above 905 m was excavated, which can be achieved in PFC through the following ways: after the ore body above 905 m was excavated, all particles of the model were fixed, and a large number of particles, which were restricted by two boundary wall, were generated above the mined-out area; then sufficient time steps were run to consolidate the backfill material, and finally the restricted walls and the backfill particles beyond the mined-out area were deleted. For case 3, the cemented tailings were used as the filling material in cut-and-fill mining method, which can be achieved by reducing the strength and contact stiffness of the ore body. e macroscopic and microscopic properties of the backfill material are presented in Table 3 .
In order to record the stress and displacement evolution during excavation process, a set of stress measurement circles and displacement measurement points were set in the model, as shown in Figure 6 . e radius of stress measurement circles in ground surface of hanging wall (A1∼A4) and footwall (B1∼B4) is 12.5 m; the radius of stress measurement circles in surrounding rock of hanging wall (C1∼C3) and footwall (E1∼E3) is 20 m; the radius of stress measurement circles in ore body is 30 m. Twenty-two displacement measurement points are set in ground surface of hanging wall (F1∼F22), and the distance between two measurement points is 25 m; fifteen displacement measurement points are set in ground surface of footwall (G1∼G15), and the distance between two measurement points is 25 m.
Numerical Results and Analysis
Surface Subsidence Mechanism.
In this section, the simulation case 1 mentioned in Section 3.3 was carried out to investigate the mechanical mechanism of surface subsidence induced by underground mining. Figure 7 shows the surface subsidence process and the corresponding force evolution during excavation simulation process, where the left figures show the failure process of the numerical model, and the middle and right figures are the parallel-bond force and contact force distribution, respectively. In the parallel-bond force distribution figures, the red and black denote the tensile and compressive force, respectively, and the thickness of the line denotes the magnitude of the force. However, the contact force distribution figures can only show the compressive force because the contact between two particles cannot transmit tensile force.
It can be seen from Figure 7 (a) that the marble becomes a cantilever beam after ore body above 995 m is excavated. e marble cantilever beam collapses when the mining level reaches 905 m due to the low strength of the 
Advances in Civil Engineering
marble, leading to the formation of collapse pit in ground surface, as shown in Figure 7 (b). At the same time, two tensile stress concentration zones appear in ground surface of both sides of the collapse pit, and a compressive stress concentration zone appears in the bottom of the collapse pit. Since the tensile strength of rock mass is much smaller than the compressive strength, the failures are easier to occur in tensile stress concentration zone. erefore, with the continued excavation of ore body, the toppling failure occurs in hanging wall, as shown in Figure 7 (c). After the toppling failure of hanging wall, a part of mined-out area is lled by the waste rock collapsing from hanging wall and marble, leading to the formation of a large collapse pit in ground surface, as shown in Figure 7(d) . In this case, the tensile stress concentration zone still appears in ground surface of hanging wall. It indicates that toppling failure may further occur in hanging wall with the continued excavation of ore body. Moreover, it can also be seen from the comparison between parallel-bond force and contact force in Figure 7 that the contact force still exists in the collapsed rock in mined-out area although the parallel bond breaks. In this case, the collapsed waste rock cannot bear tensile stress anymore but can still bear compressive stress, especially when the lateral displacement is restricted. As shown in Figure 7(d) , the collapsed rock is restricted by hanging wall and footwall, but in turn, the collapsed rock can provide support force for the surrounding rock to some extent. It indicates that the lling materials such as tailings and waste rocks in the minedout area can to some extent restrict the horizontal displacement of surrounding rock, thus limiting the further failures of surrounding rock during ore body excavation.
erefore, back lling the collapse pit and mined-out area is bene cial to control the displacement and failure of hanging wall and footwall. Figure 8 presents the comparison of numerical results and site observation. As shown in Figure 8(a) , before the residual ore body above 955 m is recovered, the marble can remain stable, and no obvious subsidence and cracks appear in ground surface. As shown in Figure 8(b) , a large mined-out area forms between hanging wall and footwall after a large number of ore bodies are extracted from underground, leading to the toppling failure in hanging wall. e occurrence of toppling failure results in a set of tensile cracks in ground surface of hanging wall, which extend along the strike direction of ore body. As shown in Figure 8 (c), after the toppling failure, large surface subsidence occurs in hanging wall, and a large collapse pit appears in ground surface. It can be seen that the numerical results are in good agreement with site observations, indicating that the established numerical model can be used to study the mechanism of surface subsidence induced by underground mining in the Hongling lead-zinc mine.
e evolutional curves of horizontal stress in ground surface of hanging wall and footwall are shown in Figure 9 . In the gure, the simulation time begins when the ore body is excavated, and the positive value denotes the compressive stress. With the excavation of ore body, the horizontal tectonic stress is released, leading to the rapid decrease of horizontal stresses in ground surface of hanging wall and footwall. e stress measurement circle closer to the mined-out area shows a larger stress reduction. With the further excavation of ore body, the horizontal stress in ground surface changes from compressive stress to tensile stress, resulting in the formation of tensile stress concentration zones in ground surface of hanging wall and footwall, as shown in Figure 7(b) . When the tensile stress reaches the tensile strength of rock mass, tensile cracks begin to occur in ground surface, and the propagation and coalescence of tensile cracks result in the toppling failure in hanging wall, as shown in Figure 7 (c). After the toppling failures in hanging wall, the horizontal stress in measurement circles A1 and A2 drops to zero, and the horizontal stress in measurement circles A3 and A4 continues to decrease, which may result in further failures in ground surface of hanging wall. However, after the toppling failures in hanging wall, the horizontal stress in ground surface of footwall increases with the continued excavation of ore body, as shown in Figure 9 (b). is may be attributed to the collapsed rock in the mined-out area, which can provide the support force for the footwall to an extent. Figure 6 : Layout of stress measurement circles and displacement measurement points. A1∼A4, B1∼B4, C1∼C4, D1∼D3, and E1∼E3 are stress measurement circles; F1∼F22 and G1∼G15 are displacement measurement points. Figure 10 shows the evolutional curves of horizontal stress in surrounding rock and ore body. e horizontal stress in the hanging wall, footwall, and ore body has the same evolution law, i.e., the horizontal stress increases first (before the excavation reaches the measurement circle) and then decreases (after the excavation reaches the measurement circle) with the increase of excavation depth, and it finally oscillates around 2 MPa.
is residual stress is exactly the support force provided by the collapsed waste rock. In addition, the compressive stress concentration in ore body is more obvious than that in surrounding rock of hanging wall and footwall, which may result in the crushing and upheaval in the bottom of mined-out area. Figure 11 presents the ground surface displacement after each mining level is excavated. Before the ore body excavation reaches the mining level 805 m, both vertical and horizontal displacements are very small, and the horizontal displacement in this case is larger than the vertical displacement because before ground surface subsidence, the ground surface displacement is mainly induced by the release of horizontal tectonic stress. However, after the ore body excavation reaches the mining level 805 m, the ground surface displacement increases rapidly due to the toppling failure of hanging wall, and the displacement increases with the increase of mining depth. In this case, the displacement in hanging wall is much larger than that in footwall because the surface subsidence mainly occurs in hanging wall, while the displacement in footwall is very small even when the ore body excavation reaches to mining level 705 m.
Movement Law of Back ll Material and Rock Strata.
In this section, the simulation cases 2 and 3 mentioned in Section 3.3 were carried out to investigate the movement law of back ll material and rock strata induced by underground mining with di erent mining methods, and the movement process of back ll material and rock strata during underground mining for cases 2 and 3 are presented in Figure 12 .
After the excavation of mining level 905 m, the collapse pit in ground surface was back lled by the noncemented tailings, and an insulating pillar with thickness of 20 m was reserved at the bottom of collapse pit. As shown in Figure 12 (a), when the sublevel caving mining method is adopted after the back ll of collapse pit, the mined-out area appears beneath the insulating pillar and cannot be backlled in time. In this case, the pillar loses the support capacity and is crushed due to the combined loading of collapsed waste rock and surrounding rock. e collapsed waste rock and back ll material begin to subside, leading to the occurrence of subsidence pit in ground surface. With the further excavation of ore body, the collapsed waste rock and back ll material continue to subside because the insulating pillar has failed and cannot maintain the stability of collapsed waste rock and back ll material anymore. In this case, the toppling failure occurs in hanging wall due to the occurrence of subsidence pit in ground surface. It is worth mentioning that the back ll material close to the hanging wall is easier to subsidence, i.e., the back ll material subsidence along the direction approximately the same as the dip direction of the ore body. When the mining level reaches 755 m, a large open fracture and a step appear in ground surface of hanging wall due to the toppling failure, and a large collapse pit also appears in ground surface. However, it can be seen from the Figure 12 (b) that the back ll material and the surrounding rock can remain stable when the cutand-ll method is adopted because the mined-out area beneath the pillar can be back lled in time by the cemented tailings after the ore body is excavated. It indicates that the cut-and-fill mining method can efficiently maintain the stability of surrounding rock and backfill material and prevent the occurrence of collapse pit in ground surface. Figure 13 (a) shows the horizontal stress in ground surface of hanging wall. In the figure, the simulation time begins when the ore body beneath the insulating pillar is excavated. With the excavation of ore body beneath the insulating pillar, the horizontal stress in ground surface of hanging wall continues to decrease for case 2. When the horizontal stress of hanging wall reaches the tensile strength of rock mass, the tensile failure occurs in ground surface of hanging wall, leading to the toppling failure of hanging wall. For case 3, however, the horizontal stress in ground surface of hanging wall increases with the continued excavation of ore body, so no tensile failure occurs in hanging wall in this case. Figure 13(b) shows that the horizontal stress in ground surface of footwall increases with the excavation of ore body for both cases 2 and 3, so no tensile failure occurs in ground surface of footwall. Figure 13 (c) shows the horizontal stress of ore body. When the ore body is excavated from mining level 905 m to 855 m, the horizontal stress of ore body at measurement circle D2 deceases with the increase of mining depth. After the ore body within the measurement circle D2 was excavated, the measurement circle D2 was lled by the collapsed waste rock (for case 2) or the cemented lling material (for case 3). In this case, the stress in the measurement circle D2 denotes the support stress provided by collapsed waste rock (for case 2) or cemented lling material (for case 3). It can be seen from Figure 13 (c) that the support stress provided by cemented lling material is larger than that provided by collapsed waste rock. In order to monitor the stress evolution of insulating pillar during underground mining, a stress measurement circle with a radius of 10 m was set in the range of pillar, and the horizontal stress evolution of insulating pillar for both cases 2 and 3 is presented in Figure 13(d) . With the excavation of ore body, the horizontal stress of insulating pillar decreases for case 2 due to the crushing of pillar, while it increases for case 3. It indicates that the insulating pillar can remain stable for case 3 and provide high support force for the surrounding rock, thus preventing the failures of hanging wall and the subsidence of ground surface. For case 2, after the crushing failure of insulating pillar, the stress in the measurement circle denotes the support stress provided by the collapsed rock. In this case, only a small support stress can be provided by the collapsed rock. Furthermore, it can be found from the comparison of Figures 14(c) and 14(d) that the collapsed waste rock in the mined-out area can only provide about 2 MPa support stress for the surrounding rock for case 2. However, for case 3, the support stress provided by the cemented lling material and the insulating pillar are about 4 MPa and 11 MPa, respectively, and the support stress provided by the insulating pillar is much larger than that provided by the cemented filling material. It indicates that when the cut-and-fill mining method is adopted for underground mining, the insulating pillar can provide large support stress for the surrounding rock and maintain the stability of the collapsed waste rock and backfill material in the surface subsidence pit. erefore, it is of great significance to reserve a reasonable insulating pillar when using the cut-and-fill mining method to excavate the ore body beneath the collapse pit. Figure 14 presents the vertical displacement contour of three simulation models after excavation of mining level 705 m. e vertical displacement contour for three models exhibits a "V" shape, i.e., the vertical displacement of surrounding rock decreases with the increase of burial depth of rock mass, and the surrounding rock closer to the excavation zone exhibits larger vertical displacement. It is worth mentioning that the vertical displacement in hanging wall and footwall is very small (<0.1 m) except the collapse pit because the present numerical model is composed of the dense particle assembly, which cannot reproduce the natural joints and fissures in practical rock mass. However, if the detailed in situ data of natural joints and fissures of rock mass can be obtained by borehole logging or window mapping, then the more authentic displacement of rock mass can be modeled by the synthetic rock mass (SRM) model in PFC, in which the natural joints and fissures of rock mass can be reproduced by the smooth joint contact model (SJM) [44] [45] [46] . Furthermore, when the ore body is excavated by the sublevel caving mining method without backfilling the mined-out area, a large collapse pit with a width of 214 m and a depth of 75 m appears in ground surface after the excavation of 705 m, as shown in Figure 14(a) . However, when the mined-out area above level 905 m is backfilled by the noncemented tailings, if the sublevel caving mining method is still used to excavate the ore body in deep levels, a new collapse pit will appear in ground surface, as shown in Figure 14 (b). In this case, the depth of the collapse pit is smaller than that of case 1, indicating that if the sublevel caving method is still used, the backfill material can reduce the depth of collapse pit to some extent but cannot prevent the occurrence of collapse pit. If the mining method is changed to the cut-and-fill method after backfilling of mined-out area, no obvious subsidence pit appears in ground surface, as shown in Figure 14(c) , and the maximum subsidence in ground surface is about 0.27 m. It indicates that the cut-and-fill mining method can efficiently control the surface subsidence and prevent the occurrence of collapse pit in ground surface. erefore, the mining sequence of case 3 is recommended for the Hongling lead-zinc mine to solve the surface subsidence problem.
Practical Application
Numerical simulation results in the present study indicate that in order to control the further collapse of hanging wall, the current mining method should be changed to the cutand-fill mining method, and the surface subsidence areas should be backfilled in time. In addition, an insulating pillar is needed to reserve beneath the collapsed waste rock to maintain the stability of waste rock layer and backfill material. Based on the numerical results, a proper tailings backfilling scheme is put forward for the Hongling lead-zinc mine to solve the surface subsidence problem, i.e., after the recovery of residual ore body above 905 m, the subsidence areas in ground surface should be backfilled in time with the noncemented tailings, and an insulating pillar with thickness of 20 m should be reserved beneath the collapsed waste rock layer; when excavating the ore body beneath the insulating pillar, the cut-and-fill mining method is recommended to replace the current sublevel caving mining method, and the cemented tailings can be used as the filing material for the mined-out areas. In order to efficiently utilize the tailings and realize no tailings discharging to the tailings reservoir, the noncemented backfilling of surface collapse pit and the cemented filling of underground mined-out area can be carried out at the same time. is backfill scheme has been approved and accepted by the Hongling lead-zinc mine. e technological process of tailings backfilling for the collapse pit and mined-out area is shown in Figure 15 . After the mineral processing, the tailing slurry with the concentration of 10%∼20% is transported from the mineral processing plant to the thickener. In the thickener, a part of water is separated from the tailing slurry, and the flocculant is added to the thickener to accelerate the precipitation process. After the precipitation of tailing slurry, the waste water (overflow) is transported from the thickener back to the mineral processing plant through the water pumping station, realizing the recycling of water resource. In addition, the tailings with the concentration of 45%∼55% (underflow) can be obtained through the thickener, which is the primary material for the noncemented backfilling of surface collapse pit and the cemented filling of underground mined-out area. On the one hand, a part of underflow is transported to the belt vacuum filter to further reduce the water content of tailings. e filter cakes with the concentration of 80%∼85% can be obtained through the belt vacuum filter and are transported through the belt to the surface collapse pit as the backfill material. On the other hand, the rest of underflow is transported to mixer and mixed with the cement, and finally the cemented tailings are transported through the pipeline to the underground mined-out areas as the filling material.
Conclusions
Based on the geological conditions of Hongling lead-zinc mine, a two-dimensional numerical model was established by PFC2D to study the mechanism of ground surface subsidence and movement law of backfill material due to underground mining, and the following conclusions can be drawn:
(1) When the sublevel caving mining method is adopted, the marble will collapse firstly and lead to the formation of collapse pit in ground surface. With the continued excavation of ore body, two tensile stress concentration zones appear in ground surface of both sides of the collapse pit, and a compressive stress concentration zone appears in the bottom of the collapse pit. e release of horizontal stresses results in the toppling failure in hanging wall and then leading to the occurrence of a larger collapse pit in ground surface. After the toppling failure of hanging wall, a part of mined-out area is filled by the collapsed waste rock, and the collapsed rock can to some extent provide support force for the surrounding rock. (2) When the mined-out area above 905 m is backfilled by the noncemented tailings and an insulating pillar is reserved at the bottom of collapse pit, if the sublevel caving mining method is still adopted, the insulating pillar will crush and the stability of collapsed waste rock and backfill material cannot be maintained, and a large collapse pit will reoccur in ground surface; if the cut-and-fill method is adopted after the backfill of mined-out area, the backfill material and the surrounding rock can remain stable, and the collapse pit will not appear in ground surface. Moreover, when the cut-and-fill mining method is adopted for underground mining, the insulating pillar can provide large support force for the surrounding rock and maintain the stability of collapsed waste rock and backfill material. (3) After excavation of mining level 705 m, the vertical displacement contour of the model exhibits a "V" shape, and the surrounding rock closer to the excavation zone and ground surface exhibits larger vertical displacement. When the ore body is excavated by the sublevel caving mining method without backfilling the mined-out area, a large collapse pit with a width of 214 m and a depth of 75 m appears in ground surface. When the mined-out area above 905 m is backfilled by the noncemented tailings, if the sublevel caving method is still adopted, the backfill material can reduce the depth of collapse pit to some extent but cannot prevent the occurrence of collapse pit; if the mining method is changed to the cut-and-fill method, then the surface subsidence can be controlled and no obvious subsidence pit appears in ground surface. e cut-and-fill mining method can efficiently control the surface subsidence and prevent the occurrence of collapse pit in ground surface.
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